Introduction
Drosophila melanogaster has proven to be one of the most useful model systems for exploring the mobile component of the eukaryotic genome. A wide variety of well-studied transposable elements (TEs) are present in the D. melanogaster genome (Kaminker et al., 2002) . Certain retrotransposons with long terminal repeats (LTR-retrotransposons) are structurally identical to vertebrate endogenous retroviruses (proviruses) that are integrated into the host genome. These LTR-retrotransposons are characterized by three open reading frames (ORFs): ORF1 (gag) encodes capsid proteins, ORF2 (pol) encodes enzymes regulating the transposition of a mobile element, and ORF3 (env) encodes a product responsible for the recognition of cell receptors and for the penetration of a virus into a cell. Based on the comparative analysis of the conserved reverse transcriptase domains, three groups of D. melanogaster LTR-retrotransposons have been distinguished: gypsy, copia, and BEL (Bowen and McDonald, 2001 ). These groups appear to represent separate evolutionary branches of retrotransposons. Infectious properties were directly demonstrated only for representative of the gypsy group of LTR-retrotransposons: gypsy (Kim et al., 1994) . D. melanogaster TEs belonging to the gypsy group were named "errantiviruses" (endogenous retroviruses of insects) and are classified under this name in the international classification of viruses (http://ictvonline.org/). According to phylogenetic analysis, some LTR-retrotransposons lacking the env gene are also included in the gypsy group (Nefedova and Kim, 2009) .
The DNA sequence of any TE or retrovirus that has been integrated into the genome is not controlled by natural selection during evolution; it gradually accumulates mutations and eventually degrades. However, certain genes or regulatory sequences can be maintained. Thus, sequences of TEs or retroviruses undergo exaptation. Generally, exaptation can be characterized by "molecular domestication", meaning that the foreign gene can be used to the serve cellular functions of the host (Sinzelle et al., 2009) . Thus, the domestication of foreign genes, including genes of retroelements, is a powerful mechanism for new gene formation and genome evolution.
Some time ago the domesticated env gene -Iris -has been found in the D. melanogaster genome and sequenced genomes of the melanogaster and obscura species groups. The Iris gene was shown to be under positive selection. And it is assumed that Iris may be involved in antiviral defense (Malik and Henikoff, 2005) . Using BLAST to search for proteins homologous to the Gag protein of errantiviruses, we found in the D. melanogaster genome a single ORF with unknown function: CG4680. We named this gene Grp (Gag-related protein) Kuz 0 min et al., 2011) . The Grp gene has a length of 1714 bp, contains no introns and encodes a polypeptide of 352 amino acid residues. There are no retrotransposon sequences outside of the Grp gene. The BLAST search for the Grp gene demonstrates that its product is most similar to the Gag protein of the Transpac element of the gypsy group of D. melanogaster LTR-retrotransposons.
Events of the domestication of the gag and env genes deserve special attention because the functions of these genes are not specific to eukaryotes. The "sphere of application" of the Gag and Env proteins is much wider than one would imagine a priori; addressing this question requires a detailed study. D. melanogaster, whose genome contains homologs of the gag and env genes, may be a good model for such studies.
It is known that mammalian homologs of retroelement gag and env genes take part in protecting against viral infection, play a role in the control of cell division, apoptosis, function of the placenta, and other biological processes (Wang et al., 2010; Volff, 2009; Brandt et al., 2005) . Thus, it is not excluded that functions of the Grp and Iris genes can be used for protection of the host genome against retroviral (and other) infections by, for example, competing with the products of homologous genes. In this case, homologs of the gag and env genes may be considered components of the innate immunity in D. melanogaster. To test this opportunity, in the present study we performed a structural and functional analysis of the gag gene homolog of the gypsy group of LTR-retrotransposons and discussed its possible role in the D. melanogaster genome.
Results
The Drosophila melanogaster Grp gene evolved primarily under purifying selection
To trace the evolutionary history of the Grp gene, we searched its homologs in sequenced genomes. Close homologs of the Grp gene are present in all sequenced genomes of different species of Drosophila (http://flybase.org/). Mosquitoes and other insects, whose genome sequence data are known, have no close homolog of this gene. Thus, this gene appeared after the family Drosophilidae separated from other branches of the Diptera phylogenetic tree.
Molecular phylogenetic analysis of Grp homologs is presented in Fig. 1 . We also included in analysis three sequences of D. melanogaster gag proteins (Transpac, ZAM and gypsy elements). The Grp protein homologs contain highly conserved sequences in all genomes studied. Such conservatism of sequences suggests that the structure of the protein is under purifying selection, and its function is essential for all Drosophila species.
A whole gene dN/dS ratio comparison (PALM analysis) can fail to identify specific domains or residues subject to positive selection. We also performed a maximum likelihood based analysis of selective pressures acting on Grp using the PAML and random effects likelihood (REL) programs. Likelihood ratio tests of different models were used to find the best fit model for the data. Overall, three positively selected sites were found (codons 217, 251 and 253 in the D. melanogaster Grp gene) (Table 1) ; and 254 sites were identified as being subject to negative selection.
We noted that the protein has two glycine-rich regions that seem to be accumulating of amino acid repeats (Fig. 2) . The first such region (from the codon 81 in all aligned sequences) includes a variable number of nucleotides on account of predominant accumulation (amplification) of glycine codons (GGC) in combination with asparagine codons (AAT) in some species. This region is not hydrophobic, and it is, therefore, difficult to predict its function. The second region, which contains a variable number of GV-repeats, is localized closer to the C-terminus (from the codon 241 in the D. melanogaster Grp gene) and divides the Grp protein into two parts: a highly conserved N-terminal part (more than 70% identical amino acids in 20 aligned sequences) and more variable C-terminal part (less than 50% identical amino acids in 20 aligned sequences). Detected in the structure of Grp, Fig. 1 . Molecular phylogenetic analysis of Grp homologs in different Drosophila species. The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model. The tree with the highest log likelihood ( À 2575.4941) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Mean whole gene dN/dS ratios were estimated under the free-ratio MG94REV model (no site-to-site rate variation). No one branch has dN/dS ratio that appears to be greater than 1. Only dN/dS ratios for taxa are indicated in brackets. the hydrophobic GV-rich motif is absent in Gag proteins. Further, we performed a detailed analysis of the region.
The Grp gene evolved toward acquisition of a transmembrane domain coding sequence
We analyzed the structure of the Grp protein and its homologs to predict transmembrane helices and their potential topology. In order to improve transmembrane topology prediction, we evaluated the combined use of five independent computer programs (see Materials and methods section). Each program identified a transmembrane domain with a high probability for the Grp homologs of the melanogaster species group and demonstrated a tendency to transmembrane domain (probability level less then 0.8) for other species groups (Fig. 3(A) ). All used programs predicted the N-terminal part of the Grp protein as a noncytoplasmic region, and C-terminal part as a cytoplasmic region.
Recently it has been possible to predict not only the membrane localization, but also the subcellular localization of a protein. With use of MemPipe program, we analyzed the Grp protein and its orthologs. The result is presented in Fig. 3(B) . The program predicted all the analyzed proteins sequences to be located in internal membranes with a high probability (more than 80%).
Bioinformatics predictions were checked by the western blot analysis. After fractionation of D. melanogaster proteins, we found the Grp protein in the membranous fraction, not in cytoplasmic (Fig. 4) . Western blot results clearly indicate that the Grp is really a transmembrane protein. Thus, the transmembrane domain is most likely a result of the gag-to-Grp evolution in the host genome. However, we could not answer the question whether it located in internal membrane structures and in what type of internal membrane. This result requires further investigation.
Grp as well as Gags of errantiviruses saves an intrinsically disordered C-terminus
Previous studies of the errantivirus gypsy Gag protein identified a C-terminal fragment, which presumably was a nucleocapsid (Jern et al., 2005) . It was shown that this fragment was enriched with positively charged amino acids and characterized by an extended unstructured region. Usually, the C-terminal regions of retroviral Gag proteins are rich in arginine. The C-terminal regions of the gypsy and Transpac Gag proteins also contain arginine-rich sequences. The Grp protein, however, is enriched in another positively charged amino acid -lysine. These data indicate that the Grp protein may save the ability of the capsid protein to bind nucleic acids. We have obtained initial experimental evidence in favor of the ability of the Grp protein to interact with RNA at least in a non-specific manner (data not shown). And these data are under verification now.
It should be noted that the majority of vertebrate retroviruses (with the exception of spumaviruses) are characterized by the presence of the zinc-finger canonic motif C-C-H-C in their Gag protein sequences (Gabus et al., 2006) . The zinc-finger motif was found in the Gag proteins of LTR-retrotransposons with a single ORF, representatives of BEL, copia and gypsy groups; and this feature makes these retroelements similar to lentiviruses and oncoviruses. However, the zinc-finger motif is not present in the Gag sequences of errantiviruses and their derivatives with two ORFs. Moreover, cysteine residues are practically absent in their sequences. These features make errantiviruses to be closely related to spumaviruses; therefore, it is necessary to look for other structural features providing the function of such capsid proteins. Spumaviruses are able to the symplast (syncytium) formation; and the process is apparently regulated by capsid proteins.
It is known that disordered amino acid sequences enriched in one or more amino acids do not form an alpha-helix or beta-layers and are functionally significant in a number of proteins (Wan and Wootton, 2000) . Despite the fact that their role is still not fully understood, it is assumed that these regions may be involved in binding to other proteins and molecules, as well as in interactions with nucleic acids. To predict a possible intrinsic disorder in the protein structure, we analyzed the sequences of the Grp and Gag proteins of gypsy, Transpac and copia LTR-retrotransposons and FFV and HIV-1 retroviruses (Fig. 5) . It was found that the Gag proteins of the gypsy and Transpac retrotransposons and the Grp protein demonstrated a significant similarity to the FFV spumavirus; each has a C-terminal extended disordered region. Therefore, selection acts toward saving the sequence disorder. In this case, there are no specific conserved motifs selected, but there are certain conserved structural and functional properties. These properties are provided, apparently, by selection in favor of the polar amino acids T, S, Y, N and Q, which are most often found as repeats in the C-terminal regions of Gag proteins of the gypsy group of retrotransposons.
The Grp gene is expressed at the transcriptional level in gender-specific manner Earlier we investigated the expression of the Grp gene at the transcriptional level during different stages of development . We used D. melanogaster SS strain mutant in the flamenco gene. The transcription level was assessed by standard RT-PCR in embryos, third instar larvae and imago. We found the Grp gene to be expressed in males and females during the adult stage, but the expression of the gene in embryos and larvae was detected at the low level . Alteration of the gene expression profile during development demonstrates that the Grp gene is under ontogenetic regulation. Taking into account the fact that Drosophila is an insect with complete metamorphosis, we assume that the Grp gene is mainly active in adult tissues developing from imaginal discs.
Recently, RNA-seq data including development stages of D. melanogaster y1; cn; bw1; sp1 strain have been arranged in the FlyBase (Graveley et al., 2011) . The modENCODE temporal expression data include 25 stages instead three and allow tracing developmental expression of the Grp gene in details. In particular, two peaks of transcription may be observed: in embryo 20-24 h and in white prepupae 12-24 h. In other respects, expression was evaluated as low and very low. On the whole, data on y1; cn; bw1; sp1 developmental expression do not conflict with ours.
In the present work, we studied the Grp transcription during the adult stage at a quantitative level (qPCR). For a comparative study of the Grp gene expression, five strains of D. melanogaster were used. Canton S and D32 are wild-type strains; SS and OregonRþ yþ3 strains have two different mutations in the flamenco locus; MS is isogenic with the SS strain, but has a functional and active copy of the gypsy retrotransposon (Lyubomirskaya et al., 1990) . MS and SS strains both contain gypsy sequences that can transcribe. The SS strain (stable strain) is characterized by a small copy number and stable localization of non-functional copies of gypsy. In the other, MS strain (unstable mutator strain) derived from SS by injection of active gypsy copies, the gypsy copy number and the frequency of its transposition are greatly increased. Genomic gypsy copies cloned from both strains display structural differences allowing them to be divided into two subfamilies. At the nucleotide level, these differences involve single substitutions, deletions and insertions (Lyubomirskaya et al., 1990) .
The choice of these strains was based on modENCODE data demonstrating a moderate induction of the Grp transcription in response to Drosophila C virus (DVC) (Dostert et al., 2005) . We assumed that the gene induction could be observed in response to retrovirus gypsy as well as DVC; and in the case of gypsy the Grp induction could be more obvious since gypsy seems to be more close to Grp phyilogenetically than DVC. Also we verified the possibility of participation of the flamenco gene, controlling gypsy transpositions, in such response.
Normalization genes choice is one of the most significant factors that has contributed to interpretation of qPCR results. As RNA-seq profiles of different housekeeping genes at different developmental stages and tissues are available now in FlyBase (modENCODE Data), it is possible to choose the most appropriate gene for normalization. In our case, we see that the rp49 gene, for example, is not suitable for normalization as it has a two-fold difference at the expression level between females and males.
Thus, we used the α-tubulin gene since it demonstrated the equal level of transcription in both females and males.
In each of the studied strains (excluding Canton S and MS), the gene expression in Drosophila males was 2-4 times higher than that of females (Fig. 6(A) ). This difference is associated with the differential regulation of gene expression because this gene is localized to the third chromosome and its copy number is the same for males and females. An absence of a difference between females and males of Canton S strain can be explained by individual character of this strain and presence of polymorphism of the Grp gene expression in different wild type strains. Fig. 5 . Disorder analysis for the Grp protein, Gag proteins of gypsy, Transpac and copia retrotransposons, and FFV and HIV-1 retroviruses. X-axis -the sequence length, Y-axis -probability of a disordered structure (VL3H algorithm, neural network-based) (Jones et al., 1992) . A prediction score above or equal to 0.5 is considered disordered; below 0.5 is considered ordered.
Comparison of Grp gene expression levels in females to the expression levels in males in isogenic strains SS and MS reveals that this ratio is much higher in the strains SS than in the strains MS. Data obtained in our experiments demonstrate the derepression/activation of the Grp expression in females. This fact can be explained only by the presence of an active copy of the gypsy retrovirus in the MS strain. It was suggested that the differences in the Grp expression in SS and MS strains could be due to different expression in certain tissues. Therefore, we investigated the level of the Grp gene transcription in different tissues of SS and MS strains.
Gypsy retrovirus is able to induce transcription of the Grp gene in carcass tissues
We have investigated the level of the Grp gene transcription in the tissues of the gut, ovaries, testes, head and carcass (tissue that remains after the separation of organs) isolated from mature seven days old adult D. melanogaster isogenic SS and MS strains. The expression level was evaluated using qPCR ( Fig. 6(B) ). It should be noted that RNA-seq modENCODE data for organ expression are incomplete and obtained only for Canston S strain. Our results showed that, in SS females, the expression level of the Grp gene in the ovaries was approximately 25 times lower than in the carcass. Males were also characterized by a reduced level of Grp gene expression in the gonads compared to other tissues: the expression in the testes was approximately three times lower than in the carcass. Maximal expression of the Grp gene is observed in the gut. Thus, the difference between whole males and females is explained, most likely, by increased expression of the gene in the gut and carcass. The expression in generative tissues could not have such an effect. It should be taken into account that the carcass is approximately 50-70% of the fly weight, the gut is $10%, the testes are $ 10%, the ovaries are 10-30%.
It is apparent that the gene expression is maximal in the adult tissues, while it is low at all in the generative, embryonic and larval tissues. The low levels of gene expression in the ovaries are likely due to the fact that the ovaries have little adult somatic tissue (Drosophila ovaries filled with unfertilized eggs). In the testes, the proportion of somatic tissue is more significant, so the level of Grp gene expression in the testes was higher than in the ovaries.
Differences in gene expression during developmental stages and in organs suggest a mechanism of regulation of the expression of the Grp gene. Tissue-specific regulation of gene expression in adult Drosophila is apparently carried out at the transcriptional level.
Also we compared expression profiles of both the Grp gene and gypsy retrovirus in females of SS and MS strains (Fig. 6(C) and (D) ). It has been shown that the transcription level of gypsy in the MS strain is about 20 times higher than in the SS strain. Expression of the Grp gene is increased due to carcass tissues, rather than ovaries. Thus, the Grp gene expression is induced in response to gypsy retrovirus; and this induction is observed in somatic tissues of the carcass. 
Discussion
RNA interference is known to be mediated by small RNA and can prevent infection by most RNA viruses, forming double stranded RNA intermediates. This system allows limiting viral replication, even if an organism has never before encountered this virus (Ding and Voinnet, 2007) . However, the mechanisms related to RNA interference are not capable of destroying retrovirus RNA, as these viruses do not form antisense RNA, which could interfere with the genomic and viral RNA. To limit the infection of retroviruses, a separate source of the interfering RNA is required. The role of this source in Drosophila can be performed by clusters of piRNAs, such as the flamenco locus (Ding and Voinnet, 2007; Gunawardane et al., 2007) . However, for RNA interference mediated by piRNA, a long-term "acquaintance" of the host with the pathogen is required for the penetration of a retrovirus into the germ-line cells and its integration into the piRNA cluster. Thus, RNA interference cannot restrict retroviral infection in the case of retrovirus that has not previously been encountered in a population.
To limit retroviral infection, other mechanisms acting at the level of the primary barriers could be useful. There are two main mechanisms of protection at this level. The first mechanism is the detection of viral penetration into the cell, followed by the destruction of the cells by phagocytes, or, for example, by autophagy. The second mechanism involves limiting viral replication by the infected cell itself. The first mechanism has been well studied in mammals. It is associated with the ability of lymphocytes to distinguish "self" from "foreign" (Kurata, 2010) . In Drosophila, this ability is related to the mechanisms that trigger autophagy after recognition of the penetrating pathogen. The second mechanism is represented in Drosophila by the RNA interference machinery.
It is interesting to consider the potential involvement of domesticated Gag proteins in both mechanisms of antiviral protection: both mechanisms require specific viral interaction for the effective recognition or blocking of its components. In this case, binding to a small portion of one retroviral protein is ineffective because of the high variability of retroviruses and RNA viruses in general. For this reason, the reverse transcriptase inhibitors of HIV, for example, are effective during a relatively short period of time. Domesticated gag gene sequences may be able to produce a protein having an affinity both to components of the retrovirus structure interacting with the viral Gag (or Env protein, or viral RNA) and to the Gag itself. This binding can lead to the inhibition of viral replication at the stage of reverse transcription and/or integration into the genome, as was found in the case of the Fv1 protein, which is also a domesticated Gag (Stoye, 1998; Yan et al., 2009) . The inhibition of viral replication can be predicted at the stage of capsid assembly. Due to the binding of domesticated Gag with viral Gag, a defective capsid can be formed. The domesticated Gag protein can be more reliable as an inhibitor than various lowmolecular weight compounds and can protect against several retroviruses, as long as it binds to the conservative sequences of the retrovirus and has multiple binding sites for providing reliable affinity for different variants of a retrovirus. It should also be noted that domestication of the retroviral Gag protein is more likely to be followed by the adaptation of its properties and functions for host use than by the origin of fundamentally new properties. This argument also leads to the assumption of the participation of the Grp protein in the protection against retroviruses.
High sequence conservation, the presence of ontogenetic and tissue-specific regulation of the expression of the Grp gene demonstrates the functionality of this gene. The available literature data indicate that the Grp gene is involved in the immune response in Drosophila. The resulting distribution of tissue-specific expression of the Grp gene can be attributed to its expression in tissues serving as the primary barriers to viral infection (intestinal epithelium, carcass tissues, etc.). According to the hypothesis that the Grp gene participates in antiviral defense, the distribution of gene expression during the different stages of development can be explained by the fact that this gene protects the adult somatic tissues. These tissues account for a small fraction of larval tissue, so gene expression would not be found in samples obtained from whole larvae. The larvae may have another mechanism of defense against retroviruses; however, such a mechanism may not exist. First, the larval tissues are fully histolysed during metamorphosis and are not associated with adult tissues by origin. Second, the conditions for the propagation of retroviruses in an environment where larvae live are less favorable than in the adult habitat. The hypothesis of the involvement of the Grp gene in protecting against infection does not exclude the presence of other involvements important for the organism 0 s functions, which may not have been included in this study.
Summarizing our findings, it can be hypothesized that the Grp gene is a component of Drosophila immunity, as is evidenced by the increased expression of the Grp gene in response to gypsy retrovirus (as to lipopolysaccharides of gram-negative bacteria (Silverman et al., 2003) ). Such immunity is most likely realized only in the somatic tissues derived from imaginal discs, not in the embryonic and larval tissues. The presence of a transmembrane domain in the Grp structure and its subcellular localization in internal membranes can indicate that the protein is localized in the internal membranes of imago intestinal or carcass cells and functions as a potential signal and/or receptor. One of the possible mechanisms of the Grp protein function is presented in Fig. 7 . Errantiviruses are considered to use endosomal/exosomal pathway for target cell transfer (Brasset et al., 2006) . In our opinion, one of the "suitable" positions for the Grp localization is endosome membrane, where the protein has a real opportunity to interact with a Gag protein. According to the predicted intermembrane localization, most conservative N-terminal part of the protein can be located inside endosome and disordered RNA-binding C-terminal part can be located outside endosome membrane in cytoplasm. It is not clear how the Grp protein can use the RNA-binding feature. But it can be assumed, that C-terminus can be involved in Fig. 7 . A hypothetic model to explain the Grp gene function. Errantiviruses are considered to use endosomal/exosomal pathway for target cell transfer (Brasset et al., 2006) . In this way the three stages can be distinguished: (I) interaction between virus and host cell membrane, (II) endosome formation, and (III) fusion of viral and endosome membrane and uncoating of a viral core. Our model considers the possibility that Grp has been domesticated for a certain housekeeping function associated with endosomal membrane localization. At the same time, it can counteract retroviral proteins from mediating infection. Retrovirus enters the cytoplasm as a part of endosome, containing Grp. The Grp N-terminus may bind specifically to viral capsid proteins (as homologous protein) or envelope proteins (as homolog of Gag) to prevent releasing of viral particles into cytoplasm and result in their degradation. Increasing the copy number of retroviruses in the cell may result in increasing both the endosome number and, therefore, the Grp expression level (as we see in MS strain).
small RNA signaling. To prove our suggestions further studies are under realization.
Conclusions
We studied the Grp gene, a structural homolog of the gag gene of the gypsy group of LTR-retrotransposons in the D. melanogaster genome. The Grp gene appeared in the genome as a result of the molecular domestication of the gag gene belonging to an ancestral form of the Transpac retrotransposon. Orthologs of the Grp protein have been found in all sequenced genomes of different species of Drosophila. Purifying selection supports the structure of the protein. There are two glicine-rich regions in the protein sequence; one of them is transmembrane domain. According to experimental data, the protein has a transmembrane domain, and the transmembrane domain is most likely a result of the gag-toGrp evolution in the host genome. It has been shown that the Grp gene is actively expressed, but that the gene expression at the transcriptional level is observed only during the adult stage of D. melanogaster and demonstrates a gender-and tissue-specific manner. The Grp gene expression is induced in response to gypsy retrovirus; and this induction is observed in somatic tissues of the carcass.
Materials and methods

Bioinformatic analysis
The search for homologous sequences of the Gag proteins of the D. melanogaster gypsy group of retrotransposons was performed using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). The search for homologs of the Grp gene in the sequenced genomes of different species of Drosophila and other insects was performed using TBLASTN (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Multiple alignments of the amino acid sequences were conducted using Clustal W (http://www.ebi.ac.uk/clustalw/) and MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/).
Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011) , PAML 4.2 (Yang et al., 2005) and DATAMONKEY (Kosakovsky Pond and Frost, 2005) packages. The phylogenetic tree was inferred by using the Maximum Likelihood method based on the Jones-Taylor-Thornton matrix-based model (Jones et al., 1992) . All positions with less than 95% site coverage were eliminated. The variance of the difference was computed using the bootstrap method (1000 replicates). To detect whether positive selection acted on Grp and its homologs, the CODEML program implemented in PAML was used. Likelihood ratio tests of different models were used to find the best fit model for the data. To detect individual sites under positive selection, we also used the branch-site REL model, which models variation in nonsynonymous and synonymous rates across sites according to a predefined distribution, with the selection pressure at an individual site inferred using an empirical Bayes approach (Kosakovsky Pond et al., 2011) .
The topology of protein structures was analyzed in 5 bioinformatic programs: TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/), DAS (http://www.sbc.su.se/$ miklos/DAS/), TMPred (http://www.ch. embnet.org/software/TMPRED_form.html), TopPred (http://mobyle. pasteur.fr/cgi-bin/portal.py?#forms::toppred), and SPLIT 4.0 (http:// split4.pmfst.hr/split/4/). MemPype server (http://mu2py.biocomp. unibo.it/mempype/default/index) was used for prediction of the topology and subcellular localization of the Grp protein and its homologs. MemPype is a Python-based pipeline including methods for the prediction of signal peptides (SPEP), glycophosphatidylinositol (GPI) anchors (PredGPI), all-alpha membrane topology (ENSEMBLE), and a recent method (MemLoci) that specifically discriminates the localization of eukaryotic membrane proteins in: cell membrane, internal membranes, organelle membranes (Pierleoni et al., 2011) . Analysis of the complexity of the amino acid sequences was performed using the program DISPROT VL3H (http://www.ist.temple.edu/ disprot/predictor.php) (Obradovic et al., 2003) .
D. melanogaster strains
We used isogenic SS and MS strains carrying the mutation flamenco MS (Lyubomirskaya et al., 1990) , OregonRþy þ3 strain carrying the mutation flamenco OreR (Robert et al., 2001 ), D-32
and CantonS (laboratory wild-type strains from the collection of the Department of Genetics, Moscow State University). Drosophila strains were cultured under standard conditions: 25 1C on nutrient agar medium. To obtain embryos, females and males were placed on a Petri dish with nutrient medium and left at 25 1C overnight. The embryos were collected for subsequent RNA extraction or preparation of samples for western blot hybridization. To obtain the third instar larvae, 10 males and females were placed in the feeding tubes. After three days the larvae were collected. The organs and tissues were isolated from seven day old females and males. Anesthetized with ether, the flies were dissected and ovaries (or testes), gut and head were separated; the remaining tissue (carcass) was also collected.
Membrane proteins extraction
Membrane proteins extraction was performed using a Proteo-JET Membrane Protein Extraction Kit (Fermentas-Pierce) according to the manufacture 0 s protocol for tissue samples. 30 mg of adult flies were used. Protein concentration was measured with BCA Protein Assay Kit (Pierce). 3 μg of each protein sample was loaded in SDS-PAGE and then transferred on a nitrocellulose blotting membrane (GE Healthcare). Western blot was performed as described previously (Kuz 0 min et al., 2011). Primary rat antibodies (1:1000) and secondary rabbit antibodies conjugated with peroxidase (Imtek) (1:3000) were used.
RNA isolation and reverse transcription
The isolation of RNA was performed using a kit for total RNA isolation (Promega) according to the manufacturer 0 s protocol. The integrity of RNA was assessed by electrophoresis. The concentration of RNA was determined using a NanoDrop spectrophotometer (PEQLAB). Before setting up the reverse transcription reaction, samples (3 μg of total RNA) were treated with DNase I (Fermentas) according to the manufacturer 0 s protocol. Reverse transcription (RT) was performed using a cDNA synthesis kit (Fermentas). The total RNA isolated from organs or from whole flies during different stages of development was used as a matrix.
Polymerase chain reaction
To prepare the reaction mixture for qPCR, a kit of reagents (SYBR) (Fermentas) was used in accordance with the manufacturer 0 s protocol. The reaction was placed in a thermocycler MiniOpticon Real-Time PCR System (Bio-Rad Laboratories). Three independent biological replicates were measured. An analysis of the PCR results was performed using the Bio-Rad CFX Manager software package (version 1.6.541.1028). To investigate the expression of the Grp gene by qPCR, primers CG46-80Q-f (5 0 -AACTTCGATGGCAGTGATCC-3 0 ) and CG4680Q-r (5 0 -GCTCA-TTTGTCGCGTGAAGA-3 0 ) were used. Primers for the α-tubulin gene used for normalization were 5 0 -GTGCATGTTGTCCAACACCAC-3 0 and 5 0 -AGAACTCTCCCTCCTCCATA-3 0 .
